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Myofibrillar myopathies are a heterogeneous group of neuromuscular disorders
characterized by degeneration of Z-disk, causing the disintegration of myofibrils.
They may be caused by mutations in different genes, among these, the BAG3 gene
(Bcl-2 associed-athanogene-3) encodes a multidomain protein that plays an im-
portant role in many cellular processes. We report the case of a 16-year-old male
who at 4 years of age presented with a hypertrophic obstructive cardiomyopa-
thy, then developed axonal sensory motor polyneuropathy, muscle weakness, rig-
id spine, severe kyphoscoliosis and respiratory failure. Muscle biopsy showed the
typical hallmark of myofibrillar myopathy with abnormal cytoplasmic expression
of multiple proteins. Ade novo heterozygous common mutation in the BAG3 gene
with a ¢.626C > T (p.Pro209Leu) was discovered on NGS genetic analysis. Mu-
tations in the BAG3 gene are causes of a severe and progressive condition and
natural history data are important to be collected. An early diagnosis is critical
for prognostic implications in cardiomyopathy and respiratory failure treatment.

Key words: BAG3, myofibrillar myopathy, cardiomyopathy, pediatric neuromuscular
disorder

Introduction

Myofibrillar myopathies (MFM) are a heterogeneous group of neu-
romuscular disorders caused by mutations of different genes that share
myopathological features, first of all the disintegration of Z-disks followed
by myofibrillar disruption and ectopic accumulation of multiple proteins .
Each gene produces a mutated protein which is an integral part of the Z-
disk or is closely associated with it. The clinical manifestations of various
subtypes can change and may include different age of onset (from child-
hood to late adulthood) and distal more than proximal weakness, cardi-
opathy, respiratory failure, cataracts or peripheral neuropathy in various
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combinations. The diagnosis of MFM is based on clinical
findings, electromyography, nerve conduction studies and
muscle histology. The most frequent inheritance pattern
of the MFM-causing genes is autosomal dominant, and
in a significant number of patients the mutation occurs
de novo 3.

An early-onset subtype of MFM is caused by a muta-
tion in BAG3 gene on chromosome 10, encoding for the
antiapoptotic Bag3 (Bcl-2 associed-athanogene-3) pro-
tein. Bag3 is a multi-domain protein that regulates the
Hsp70 family of molecular chaperones and that interacts
with many other polypeptides, strongly expressed in skel-
etal and cardiac muscle and at lower level in other tissues.
Bag3 is involved in a panoply of cellular processes such
as development, apoptosis, autophagy, cytoskeleton orga-
nization, cell adhesion and motility *.

The clinical presentation of BAG3-related MFM is
usually characterized by limb and axial muscle weakness,
peripheral neuropathy, cardiomyopathy and respiratory
failure. In these patients the mutation P209L re-occur at
a high frequency. In the typical presentation of MFM due
to BAG3 mutation, childhood cases can be particularly
severe with rapid progression of the clinical picture and
death in early adolescence 3.

With the aim of contributing to better defining the
natural history of BAG3-related MFM, we report here a
Caucasian 16-year-old male patient with the p.Pro209Leu
(c.626C > T) in exon 3 mutation and cardiomyopathy as
first clinical sign associated with peripheral neuropathy
and MFM due to BAG3 mutation.

Case report

The 16-year-old Caucasian male had a negative fam-
ily history for neurological disease and normal physi-
ological history. Developmental milestones were normal.
At 4 years a heart murmur was discovered and cardio-
logical examinations led to a diagnosis of hypertrophic
obstructive cardiomyopathy (HOC). He started therapy
with metoprolol. At 8 years, he was hospitalized for fati-
gability and gait abnormalities. Increased creatine kinase
(583 U/L) was detected, and HOC was stable. A diag-
nosis of myositis was made. The symptomatology then
improved, but he was referred to the Pediatric Neuromus-
cular Clinic for associated mildly clumsy gait. Genetic
analysis for Friedreich’s ataxia was negative. Neuro-
logical and neuromuscular examination at the age of 10
showed mild girdle and distal lower limb weakness (del-
toids, biceps and triceps brachialis 4/5, tibialis anterior e
peroneal muscles 4/5), pes cavus, rigid spine and ankle
contractures with toe walking, positive Gower’s sign and
absence of deep tendon reflexes in upper and lower limbs.
Romberg maneuver was positive. Creatine kinase was
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increased (843 U/L). Nerve conduction study showed a
severe sensory-motor axonal polyneuropathy with upper
limbs motor conduction median nerve 37.5 m/s and ulnar
nerve 40 m/s and slowed F wave. In the lower limbs, the
compound motor action potential and the sensory action
potential were not evocable.

Muscle biopsy revealed, on the hematoxylin and eo-
sin staining, myopathic changes with marked fiber size
variability, atrophic fibers occasionally angulated, abun-
dant centrally placed nuclei, necrosis and mild increase in
connective tissue (Fig. 1A). Type I fibers were predomi-
nant. Multiple small vacuoles were present in numerous
fibers (asterisks, Fig. 1A) and eosinophilic areas were ob-
served in the cytoplasm of many fibers (arrows, Fig. 1A),
the same strongly reactive with the Gomori trichrome
staining (arrows, Fig.1B). Immunofluorescence analyses
revealed ectopic expression of different sarcomeric pro-
tein like such as alphaB-crystallin (Fig. 1C) and myotilin
(Fig. 1D).

Ultrastructural analysis confirmed the presence of
severe signs of myofibrillar disruption with accumula-
tion of electron dense granulo-filamentous materials in
the intermyofibrillar space (Fig. 1E, Z-disk streaming,
Fig. 1F) and abnormal extension of electron dense Z-
bands (Fig. 1G).

Genetic analysis

LMNA, Desmin, alfaB-crystallin, myotilin e LDB3
genes didn’t show mutations. We performed the analysis
of an NGS panel that include 169 genes associated with
neuromuscular conditions (MotorPlex) 8. Coverage was
at least 50x for > 98% of target. We also included parents
in the NGS study, and we discovered a single heterozy-
gous mutation p.Pro209Leu ( ¢.626C > T NM_004281.4
) in exon 3 of BAG 3 gene. This variant is currently not
listed in gnomAD, and it is predicted to be pathogenic
according to the ACMG/AMP criteria confirming the di-
agnosis of BAG3-myopathy. It was a de novo mutation,
absent in the parents.

At 4 years the electrocardiogram showed left atrial
enlargement and left ventricle hypertrophy, while the
echocardiogram showed hypertrophic obstructive cardio-
myopathy with a peak left ventricular outflow tract (LV-
OT) gradient of 50 mmHg; the interventricular septum
thickness was 16 mm, the middle septum 17 mm, the pos-
terior basal septum and the anterior basal septum18 mm.
The systolic function was normal (left ventricle ejection
fraction, EF: 50%), while in diastole the left ventricle had
high filling pressure. Subsequently, during the follow-up
period, the features of the cardiomyopathy changed, the
LVOT obstruction disappeared, but the restrictive pattern
worsened with increase in the filling pressure of the left
ventricle. The cardiac catheterization showed slight post-
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Figure 1. Morphological analyses of patient skeletal muscle tissue. A) hematoxylin and eosin (H&E) histological stain-
ing: protein inclusions and vacuoles indicated by arrows and asterisks, respectively (magnification 20x); B) trichrome
Gomori staining: protein inclusions indicated by arrows (magnification 20x); €,D) immunofluorescence analyses with
anti-alpha B crystallin(1C) and anti-myotilin (1D) antibodies showed protein aggregates inside the fibers (magnification
10x); E-G) ultrastructural analyses with Transmission Electron Microscopy (TEM) showed abnormal myofibrillar struc-
tures and Z-disk streaming.

capillary pulmonary hypertension with mild increase in  Cardiological Intensive Care Unit and pulmonary assess-
vascular pulmonary resistance. ment were necessary. Since then he needed non-invasive

At 11 years hypercapnic restrictive respiratory fail-  ventilation (NIV), first only at night, then also all day.
ure (paCO2 84 mmHg) occurred. Hospitalization in the = Idebenone 600 mg/day was added to the therapy.
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At 16 years, standing is possible with support and he
is able to walk with support for a few minutes. Kyphosco-
liosis is very severe. He becomes tired very easily. The
weight is 33 kilos. The EF of the left ventricle is 55%.
Dysphagia is not present and speech is fluent. He present-
ed an episode of acute congestive heart failure which was
treated till the remission of the acute phase. His cognitive
performances are very good.

Discussion

BAG3-related MFM is a rare condition, in most cas-
es due to a de novo mutation, and causes severe symp-
toms with rapidly progressive muscle, nerve, respira-
tory and heart involvement. The heterozygous mutation
p.Pro209Leu (c.626C > T) has previously been identified
in several patients and seems to be particularly associated
with a severe neuromuscular phenotype. Some variability
in the onset and severity of the different symptoms seems
to be, even if almost all pediatric cases reported in the lit-
erature have a negative prognosis, with quickly progres-
sive worsening of cardiac and respiratory features until
exitus, usually occurring within the second to third de-
cade of life (Tab. I). Muscle pathology shows disrupted Z-
disks, disorganization of sarcomeric structures, cytosolic
aggregated proteins and ectopic accumulation of vari-
ous myofibrillar proteins and organelles, sign of protein
quality control (PQC) and proteolytic systems dysfunc-
tion °. Studies on a zebrafish model of BAG3 P209L !°
demonstrated a relation between mutated BAG3, protein
aggregates and autophagy (a degradation mechanism for
damaged proteins in older cells) impairment. However,
these studies revealed that mutated Bag3 maintained its
function and did not cause protein aggregation but only
myofibrillar disruption. Moreover, they demonstrated that
aggregate formation was due to the gradual reduction of
BAGS3 availability caused by itself trapping inside the ag-
gregate. Dysfunctional autophagy was reported in dilated
cardiomyopathy due to BAG3 p.Pro209Leu mutation in
patient cardiac tissue which demonstrated an increase in
autophagy and mitophagy markers !!.

The clinical phenotype in our patient is characterized
by early onset HOC, early multiple contractures with rig-
id spine, non-severe proximal and distal weakness, severe
axonal motor sensory neuropathy and severe progres-
sive respiratory failure. Symptoms started with HOC at
the age of 4 and the evolution of the clinical picture was
initially relatively slow. A similar early onset of HOC is
reported in other cases, while sometimes heart symptoms
appear later, in the adolescence. In BAG3 mutated cases
cardiomyopathy can be isolated and progressive and of-
ten leads to heart transplantation before the onset of other
symptoms. Currently, at the age of 16, in our patient the
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cardiological picture shows stability of concentric ven-
tricular hypertrophy with preserved global function. The
role played by the treatment with idebenone is probably
negligible and the involvement of oxidative metabolism
in BAG3-related MFM has not been demonstrated to date.
However, a favorable effect on a possible secondary mi-
tochondrial dysfunction cannot be excluded. A possible
explanation of the pathologic mechanisms underlying di-
lated cardiomyopathy in BAG3-related MFM is reported
in a recent study of Mc Dermott-Roe et al. 2. Their data
imply a pathologic mechanism in which BAG3-RH im-
properly engages HSC/HSP70: this impairs the formation
of multimeric chaperone complexes required for essential
protein quality control including, but likely not limited
to, myofibrillar maintenance. The observation that fiber
disorganization was only apparent when cells were forced
to use autophagy suggests that BAG3 variant expressivity
is influenced by age-related dynamics in protein quality
control subsystem usage. This provides a potential expla-
nation for the delayed onset of BAG3-associated dilated
cardiomyopathy and heart failure, often characterized by
an aggressive clinical course. Moreover, male sex, low
left ventricular EF (< 50%) and increased left ventricu-
lar end-diastolic diameter at first evaluation seem asso-
ciated with an adverse prognosis during follow-up 3. At
11 years our patient had acute respiratory failure and he
began NIV. The worsening of the respiratory function is
reported as an early symptom also in the other cases, and
BAG3 myopathy has been demonstrated to meet patho-
logic criteria for hereditary myopathy with early respi-
ratory failure (HMERF), an adult-onset autosomal-dom-
inant myopathy, which typically presents with respiratory
muscle weakness in patients who are still ambulant '3, On
the other hand, in BAG3-related MFM multiple contrac-
tures and rigid spine may also be present early on and
usually worsen with time. These findings may justify
the restrictive respiratory failure that is reported in some
cases as early onset symptom. Limb muscle weakness
was symmetric and mild in our patient, more evident
proximally, with mild deficit in distal districts, and unlike
other reported cases, ambulation was still preserved with
support at the follow-up, while scoliosis and respiratory
involvement were severe.

In conclusion, it is important to hypothesize a neu-
romuscular disorder caused by BAG3 mutations in the
presence of early onset HOC (first decade of life) and/or
peripheral neuropathy and MFM for a correct diagnosis
and to monitor cardiac and respiratory functions, which
have usually a bad prognosis. Our case provides further
evidence of progressive multisystem clinical involvement
of BAG3-related MFM. Natural history studies of BAG3-
related MFM are necessary especially in case pharmaco-
logical treatments are to be identified, for example com-
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pounds resulted able to removing protein aggregates such
as metformin 4,
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